Energy, catalyst and reactor considerations for (near)-industrial plasma processing and learning for nitrogen-fixation reactions  by Hessel, V. et al.
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a  b  s  t  r  a  c  t
The  MAPSYN  project  of the  European  Union  (standing  for  Microwave,  Acoustic  and  Plasma  SYNtheses)  aims
at  the utilization  of plasma  technology  for nitrogen  ﬁxation  reactions  on  an  industrial  scale  and  with
industrial  plasma  reactor  technology,  developed  and  utilised  commercially  [1].  Key  motif  is  enhanced
energy  efﬁciency  to  make  an  industrial  plasma  process  viable  for chemical  industry.  The  corresponding
enabling  technologies  –  plasma  catalysis,  smart  reactors  (microreactors)  and more  –  go  beyond  prioreywords:
lasma catalysis
nergy efﬁciency
lasma fuel processing
itrogen ﬁxation
rocess intensiﬁcation
approaches.  Continuing  a ﬁrst  more  project-based  literature  compilation,  this  overview  focus  on  the  two
ﬁrst  enabling  functions,  plasma  catalysis  and  smart  reactor  technology,  which  are  reviewed  for  industrial
and near-industrial  plasma-based  applications.  It is  thereby  evident  that  notable  promise  is  given  for  the
nitrogen  ﬁxation  as  well  and  indeed  this  has  been  demonstrated  also  for  nitrogen  ﬁxation;  yet,  initially
and  without  the  holistic  system  engineering  dimension.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.. Plasma catalysis as enabling tool and energy efﬁciency –
een in the light of nitrogen ﬁxation reactions
This review is written with the view on the coming utilization
f plasma technology for nitrogen ﬁxation reactions on an indus-
rial scale using industrial plasma reactor technology, developed
nd utilised commercially, e.g. for the nitrogen ﬁxations [2,3] or
he synthesis of ultrapure silicon tetrachloride or germanium tetra-
hloride [4]. This is one of two exploitation pillars of the European
APSYN project and details are shortly given in the following para-
raph and the whole MAPSYN approach is actually given in another
eview paper [1].
The MAPSYN project (standing for Microwave, Acoustic and
lasma SYNtheses)  aims at nitrogen-ﬁxation reactions intensiﬁed
y plasma catalysis and selective hydrogenations intensiﬁed by
icrowaves, possibly assisted by ultrasound [1]. Energy efﬁciency
s the key motif of the project and the call of the European Union
ehind (NMP.2012.3.0-1; highly efﬁcient chemical syntheses using
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920-5861
ttp://dx.doi.org/10.1016/j.cattod.2013.04.005
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-NDalternative energy forms). MAPSYN provides a new approach,
besides for technological reasons as given above, also in terms of
partnership and science management. While the key technology of
the alternative energies comes more from the industrial partners
at least when production is approached, the innovation of the aca-
demic partners is used for process and material innovation, detailed
in [1]. The focus is thus not only on the alternative energies, but
on the innovation level in hierarchy below (catalysis) and, more
notably, above (yet not to be disclosed, since we plan to release
that at a later stage after proof of principle).
We see plasma catalysis as an enabler for chemical intensiﬁca-
tion (in the way as deﬁned in [5]) and the whole electric tuning
system/process control around the plasma reactor as process-
design intensiﬁcation (again as deﬁned in [5]). In this review, we
aim to link that to the ﬁnal process intensiﬁcation objective which
is “energy efﬁciency”, naturally at satisfying or improved product
efﬁciency (conversion, selectivity, space-time yield, productivity,
purity, costs, ﬂexibility, time-to-market. . .). We  see a lot of labora-
tory work been done, yet – also due to the complexity of the topic –
with a number of open questions and not with satisfactory solutions
so far to be transferred to an industrial process. This is, however,
not at this point of development the focus of our reporting; rather
we summarize existing literature at best practice.
With second priority, we  like to combine that with “reactor
conﬁguration” as enabling tool; in particular, concerning differ-
ent reactor conﬁgurations with respect to plasma catalysis, such
 license.
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Fig. 1. Schematic setup of plasma reactor with: (a) the catalyst located after the0 V. Hessel et al. / Cataly
s placing the catalyst in the plasma zone or thereafter (or
ven before). Thus, comparing multi-stage reactor operation with
ingle-stage one and related generic options in reactor engineer-
ng.
As outlined also in detail in the MAPSYN related review paper
1], there is considerable evidence for the catalytic enabling func-
ion even for the nitrogen ﬁxation reactions itself. For example,
he use of a catalyst in a plasma reactor for the synthesis of
itric oxide has been investigated by number of researchers [6–8].
or a low-pressure reactor the yield of nitrogen ﬁxation was  8%
ithout catalyst, which was increased to 19% by use of WO3
s a catalyst [7]. A signiﬁcant increase in conversion for the
ydrogen cyanide plasma synthesis was found in presence of
 metallic grid; in the following order Mo  > W > Ta > Fe > Cu [9].
hese and other very promising ﬁndings have, however, not been
ndustrialised and much of the industrial interest in commercial
lasma-assisted nitrogen ﬁxation seems to have slowed down
r even stopped in the 70–80 s. Presumably, there has to be a
eason for this and a missing gap which is needed to be closed
uch as process-design innovation. Yet, also a changing market
ith new needs (‘Windows of Opportunity’ [10], ‘50% Idea’ [11]),
ew business models, new supply chains, and production enti-
ies (‘Future Factories’ [10]) might be game changing; in view of
 restarted industrial interest in plasma technology for chemicals
aking.
In view of the latter and to have a larger scope and signiﬁcance,
he role of plasma catalysis (plus reactor conﬁgurations) and energy
fﬁciency is outlined and detailed for industrial plasma applications
 with focus on VOC/waste destruction and surface modiﬁcation
s major utilization of plasma processing – and, to our belief, one
ear-industrial application which is plasma-assisted fuel process-
ng/decomposition. This goes along with MAPSYN’s mission on
ndustrial exploitation of the use of alternative energies for process-
ntensiﬁed industrial chemical production. It is clear that the latter
s a difﬁcult endeavour as good understanding of plasma catalysis
s demanding and a development made from the beginning with
ndustrial view is even more challenging. This poses considerable
isk in the development so that a multi-partnership in a project as
iven is needed as approach.
. Plasma applications with industrial potential/application
 surface modiﬁcation and VOCs treatment
Plasma technology has been implemented in various com-
ercial applications, for niche applications, and here established
s versatile tool for industrial process enhancement [12]. The
dvantages of plasma technology are mainly oriented towards the
rovision of high energy levels and temperatures by the gener-
tion of excited species in an electrical discharge. This facilitates
rocessing under low temperature operating conditions and lower
esidence time compared to conventional methods. Apart from
hat, the utilization of electric energy eliminates the need of heat
upply and gas pre-treatment, reducing by this way associated
nergy costs [13].
The well-known industrial application of cold plasma is the
zone production [14,15]. The capability of large ozone producing
acilities can reach to several hundred kg/h with a power consump-
ion of several megawatts, which decreased the ozone price less
han 2 US$/kg. The main applications of ozone are in water treat-
ent and in pulp bleaching, while other applications in organic
ynthesis like the ozonization of oleic acid and the production of
ydrochinon, piperonal, certain hormones, antibiotics, vitamins,
avors, perfumes and fragrances [16].
Accordingly, the interest grows on plasma integration into
nergy-intensive industrial applications, such as the treatment ofdischarge area and (b) the catalyst located within the discharge area.
With kind permission of Elsevier [21].
waste and toxic materials, as well as, material surface modiﬁca-
tion. In particular, the plasma decomposition of volatile organic
compounds (VOCs), which constitute one of the most signiﬁcant
and hazardous air pollution source, has been thoroughly inves-
tigated. Frequently, plasma operation is combined with catalysis
to yield a synergistic effect, as e.g. found for the VOCs and NOx
abatements, yielding higher energy efﬁciency and removal rates
[17,18]. For NOx removal, conversion is increased by 12–17% when
incorporating titanium dioxide catalyst in the plasma reactor [18].
2.1. VOCs/toxic material destruction
2.1.1. Decomposition of VOCs as air pollutants
Oda has identiﬁed two major parameters that can improve
energy efﬁciency of VOCs plasma treatment. The ﬁrst parameter
includes power supply features, such as applied frequency and volt-
age, and the conﬁguration of the plasma reactor which constitutes
one of the main factors determining the energy costs of the pro-
cess [19]. The second parameter is the synergistic effect of plasma
catalysis which triggers the reduction of energy consumption and
increases the decomposition rates. An overview of the energy efﬁ-
ciency of plasma-catalysis in abating toxic materials is given in
the following chapter with an intense focus placed on the role of
different catalysts [18].
Harling et al. focused on the application of non-thermal plasma
catalysis for the decomposition of VOCs such as toluene and
benzene which are dangerous air pollutants present in indoor envi-
ronments [20]. A two-stage non-thermal plasma catalytic reactor
is compared for its efﬁciency of toluene and benzene destruc-
tion with both conventional catalysis and plasma techniques. At
a temperature of 430 ◦C and using Ag/Al2O3 as catalyst, the non-
thermal plasma catalysis yields full decomposition of toluene and
92% decomposition of benzene, whereas the conventional catalysis
yields 89% and 70% decomposition, respectively. The temperature
independence for the decomposition by non-thermal plasma catal-
ysis is attributed to the high energy levels of plasma electrons which
are capable to induce the catalyst activation without any supple-
menting heat source [20].
Than Quoc An et al. investigated the synergy of heterogeneous
catalysis and non-thermal plasma in two  different reactor conﬁgu-
rations (Fig. 1) as a way  to enhance the efﬁciency of VOCs removal
[21]. The decomposition of toluene in a dielectric barrier discharge
(DBD) non-thermal plasma reactor containing different integrated
catalysts is compared with those of a separate non-thermal plasma
and heterogeneous catalytic reactor [21]. The combination of
non-thermal plasma and catalysis demonstrates a high efﬁciency
in terms of the toluene removal, increasing up to 96% when using
Au/Al2O3 and Nb2O5 as catalysts within the plasma discharge area,
and 80% when using the catalysts in the post-discharge area. The
toluene conversion is promoted at relatively high temperatures
(over T = 200 ◦C). Without the effect of catalysis, the plasma reactor
V. Hessel et al. / Catalysis Today 211 (2013) 9– 28 11
Fig. 2. Schematic overview of the formaldehyde-plasma treatment conﬁgurations with the feed stream: (A) prior to the discharge area; (B) after the discharge area; (C) after
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destruction efﬁciency can reach up to 76% compared to 44% with-
out catalyst, as well as, an energy yield of 7.2 g/kWh [26]. The MnOx
catalyst integration to plasma toluene destruction increases the
energy efﬁciency up to 1.1 g/kWh compared to 0.9 g/kWh yieldedhe  discharge area treated with ozone plasma; (D) prior to the discharge area unde
fter  the discharge area under the presence of ozone plasma and catalyst.
ith kind permission of Elsevier [23].
chieves only a toluene removal efﬁciency between 55 and 60%
ith O3, CO, CO2, and NOx as main products [21].
.1.2. Decomposition of VOCs in chemical and other environments
Van Durme et al. identiﬁed a synergistic effect of plasma and
atalysis for the VOCs and NOx abatement, yielding higher energy
fﬁciency and removal rates [17]. In the case of toluene decompo-
ition, non-thermal plasma employing CuO/MnO2/TiO2 yielded an
nergy efﬁciency of 1.06 g kW/h, higher by a factor of 35 compared
o the energy yield of plasma alone treatment [17].
Wallis et al. investigated the decomposition of dichloromethane
n two conﬁgurations of a plasma-catalysis reactor [22]. In the
ne-stage conﬁguration a catalyst is embodied within the plasma
one inside the reactor, whereas in the two-stage conﬁguration
he catalyst is located downstream of the plasma reactor zone. The
ne-stage conﬁguration operates at a temperature of 150 ◦C and a
ressure of 1 bar under the catalytic effect of -Al2O3, whereas the
wo-stage conﬁguration operates at 140 ◦C and a pressure of 1 bar
ith various catalysts, including -Al2O3. A feed of nitrogen and
ichloromethane with a concentration at 500 ppm is inserted in
oth conﬁgurations [22]. For the -Al2O3 catalyst, the one-stage
lasma reactor is more efﬁcient than the two-stage conﬁgura-
ion, achieving removal rates of 51% and 31%, respectively – which
emonstrates once more the synergistic effect of plasma and catal-
sis. For the two-stage reactor, -Al2O3 proves to perform better
han other examined catalysts, yielding a CO2 and CO conversion
ate of 14% and 13%, respectively. The nature of the catalyst con-
ributes to the removal rate of dichloromethane, as well as, to the
ature and content of by-products [22].
Six different plasma reactor set-ups were investigated for the
ecomposition of formaldehyde [23]. The conﬁgurations A to C
Fig. 2) involve plasma treatment of formaldehyde while the con-
gurations D to F entail the plasma-catalysis for the formaldehyde
onversion under the effect of MnOx/Al2O3 as catalyst. In the con-
gurations A and D, the formaldehyde feed is injected prior to the
lasma reactor whereas in the other systems the feed is injected in
 post-plasma container [23].
In the conﬁgurations C and F, a buffer container is placed
etween the plasma reactor and the post-plasma container in order
o destroy excited species apart from O3. The feed consists of 36 wt%
ormaldehyde and water vapour and the ﬂow rate is adjusted to
.0 L/min. The experiments indicate a formaldehyde conversion
ate up to 36%, 29%, 87%, 76% and 72% for the conﬁgurations A,
, D, E and F respectively. In the conﬁguration C the single effectpresence of catalyst; (E) after the discharge area with the presence of catalyst; (F)
of O3 did not trigger the destruction of formaldehyde, thereby no
removal rate is demonstrated [23].
2.1.3. Energy efﬁciency of plasma catalytic treatment of VOCs
According to a recent literature review conducted on the plasma
catalytic treatment of VOCs, the synergy of plasma and catalysts
provides better destruction rates and energy efﬁciency of the
decomposition process [24]. In the context of trichloroethylene
destruction, a dielectric barrier plasma reactor integrating sintered
metal ﬁbres, symbolized by the abbreviation SMF, had been tested
under the presence of a MnOx catalyst. Catalyst utilization is able
to increase CO2 selectivity up to 60% in comparison with the simple
SMF  plasma reactor (Fig. 3) [25].
Employing MnO2 catalyst in a dielectric barrier discharge non-
thermal plasma reactor enhances trichloroethylene decomposition
efﬁciency up to 99% (Fig. 4) at an applied electron energy density
of 40 J/L [26].
In terms of the toluene decomposition, a corona discharge
plasma reactor exhibits better performance in presence of TiO2
catalyst. Speciﬁcally, under the effect of the catalyst tolueneFig. 3. Relationship of CO and CO2 selectivity and input energy for SMF and
MnOx/SMF electrodes.
With kind permission of Elsevier [25].
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ithout catalyst (Fig. 5) [25]. Subrahmanyam et al. observed full
oluene conversion and a CO2 selectivity of 50% for a non-thermal
lasma reactor utilizing sinter metal ﬁbres at an energy density of
35 J/L [27].
VOC abatement and mineralization have also been examined in
 pilot scale under the synergetic effect of catalytic oxidation and
lectron-beam irradiation [28]. The pilot setup, as shown in Fig. 6,
omprises of an electron beam accelerator (with maximum applied
oltage of 160 kV and a maximum beam current of 30 mA)  and a
atalyst vessel which includes a system of ﬁn heaters, a MnO2 cat-
lyst bed and a gas cooler. Two streams of xylene, toluene and air,
ith ﬂow of 500 N m3/h and concentrations of 5 ppmv and 10 ppmv
espectively, are treated by electron beam irradiation with and
ithout the presence of MnO2 catalyst. The presence of catalyst
nhances the VOCs removal and mineralization signiﬁcantly. For
 5 ppmv concentration, the removal percentages of toluene and
ylene increase up to 91% for an applied radiation dose of 4.4 kGy
nd the mineralization ratio reaches up to 100% for a corresponding
ose over 9.3 kGy [28]. For a radiation dose of 10 kGy and under the
ffect of catalyst, Kim et al. reported toluene and o-xylene removal
atios of 92.4% and 94.5% for initial concentrations of 1800 ppmC
nd 1500 ppmC, respectively [29].
.1.4. Waste destruction
Huang and Tang examined the synergistic effect of a pyrolysis
rocess and radio-frequency plasmas in the thermal decomposi-
ion of waste tires in a powder phase [30]. At a pressure of 8000 Pa
nd radio-frequency power of 1800 W,  the plasma reactor achieves
 conversion of 78.4%, a hydrogen production of 99.1 mL/min, CH4
nd CO2 production of 3.9 and 7.3 mL/min, respectively. Apart from
he gaseous products, the thermal process generates also a solid
ig. 5. Relationship of speciﬁc energy density and energy yield under the pres-
nce/absence of MnOx catalyst.
ith kind permission of Elsevier [25].day 211 (2013) 9– 28
product, the so-called tire pyrolysis char, which contains fragments
of carbon black with characteristics similar to those commercially
available. The study demonstrates the potential of the plasma tech-
nology to decompose and recycle various types of solid waste [30].
Non-thermal plasma catalysis is an effective method to destroy
gaseous waste. Observations on the temperature dependency of the
conversion rates of diverse compounds are collected for three dif-
ferent reactor systems: a stand-alone plasma, a thermal catalysis
and a combined plasma-catalysis reactor system [18]. In the case of
dichloromethane, implementing only plasma technology demon-
strates a conversion up to 20% with weak temperature dependence
over 250 ◦C. On the other hand, similar conversion rates up to 80%
are observed for the thermal catalysis and plasma-catalysis sys-
tems. The only difference between those systems is the signiﬁcant
energy savings associated with the plasma catalysis, reaching up to
32% for the same conversion rate [18].
Winands et al. have investigated the efﬁciency of an indus-
trial corona plasma reactor for the treatment of H2S content ﬂue
gases generated by compost processing [31]. A ﬂue gases stream
of 1000 N m3/h is treated in plasma reactor operating at an applied
power supply of 2 kW and a temperature of 30–40 ◦C. Under these
operating conditions, plasma energy density reaches up to 7.2 J/L,
resulting in a H2S decomposition efﬁciency of 95% [31].
Plasma technology has also been widely applied in the treat-
ment of industrial wastewater. Wang et al. have recently conducted
a literature review on the existent applications of glow dis-
charge plasma in treating wastewater containing hazardous
substances such as dyes, phenols, methyl tertiary-butyl ether
(MTBE), chromium hexavalent (CrVI) Bisphenol A (BPA) and algea
[32]. The synergetic effect of catalysts and glow discharge tech-
nique in terms of the removal efﬁciency is highly stressed for all
the examined cases. More speciﬁcally, in the degradation of phe-
nol, incorporating Fe2+ and Fe3+ catalysts induces a removal yield
up to 75% and 84% respectively, whereas in dyes treatment the yield
reaches up to 99.7% in the presence of Fe2+. Moreover, as it can be
concluded form the Table 1, the energy efﬁciency of glow discharge
plasma is also quite enhanced in the presence of catalysts [32].
Ghezzar et al. have studied the effect of non-thermal Glid-
ing arc plasma on wastewater treatment derived from textile
industry under the effect of Degussa TiO2 photocatalyst [33]. One
untreated wastewater stream, with COD and BOD5 concentra-
tion of 147.8 mg O2/L and 12 mg  O2/L respectively, and one locally
treated stream, with corresponding concentration of 85.2 mg  O2/L
and 10 mg  O2/L, are treated in the plasma reactor, as shown in
Fig. 7, for different treatment times. In the absence of the photo-
catalyst, the achieved COD removal yields for the untreated and
locally treated wastewater are 86.4% and 87.7%, respectively. On
the contrary, integrating Degussa TiO2 photocatalyst induces a cor-
responding COD degradation up to 94.6% and 96% (Fig. 8) [33].
2.1.5. Plasma treatment of industrial NOx and SO2
Industrial gas streams containing sulphur dioxide and nitrogen
oxides generated by incineration plant have been treated under
pulse discharge plasma [34]. An industrial power modulator (Fig. 9)
integrating pulse induced plasma has been tested in decomposing
a NOx/SO2 stream ﬂow of 50,000 N m3/h with a power supply of
120 kW and frequency of 240 Hz.
NOx removal rate is calculated up to 70% and the corresponding
decomposition efﬁciency for SO2 to 99%. The particular removal
rates are attributed to the incorporation of supplementary feed
streams of propylene and ammonia [34].
Fujii and Rea have also investigated the decomposition of NOx
[35]. Three samples of diesel exhaust emissions with NOx concen-
trations of 10 ppm, 60 ppm, and 90 ppm are injected into a corona
discharge plasma reactor operating at ambient conditions. In the
reactor outlet a NOx sensor is placed detecting the NO and NO2
V. Hessel et al. / Catalysis Today 211 (2013) 9– 28 13
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oncentration in the reaction products. Increasing the corona dis-
harge caused a proportional increase of the removal rates of NO
nd NO2, reaching up to 100% and 95%, respectively [35]. Such
igh removal rates are mainly attributed to the effective oxida-
ion mechanism posed by the free oxygen radicals generated in the
lasma discharged environment.
Based on a number of studies, NOx treatment by corona dis-
harge plasma has demonstrated high removal rates and energy
fﬁciency [36–39]. Shang and Xue utilized corona disharge for
reating a gas stream of nitric oxide and air with total ﬂow 170 m3/h
nd concentration of 50–160 ppm [40]. The reported NO removal
able 1
nergy efﬁciency of glow discharge plasma reactors with and without the presence of cat
Substrate C0 Method 
Phenol 100 mg/L GDP with reactor (a) 
GDP with reactor (a) + Fe2+ 37 m
GDP with reactor (a) + Fe3+ 37 m
GDP with reactor (c) 
489  M PCD 
532  M Spark discharge 
MTBE  50 mg/L GDP with reactor (a) 
50  mg/L High-density plasma 
200  mg/L GDP with reactor (a) 
200  mg/L UV/TiO2
Cr(VI)  50 mg/L GDP with reactor (a) pH = 2 
36  mg/L UV/TiO2 (0.5 g/L) pH = 1 
BPA  100 mg/L GDP with reactor (a) Na2SO4
100  mg/L GDP with reactor (a) NaCl 
100  mg/L GDP with reactor (a) Na2SO4 + 0
40  mg/L UV/TiO2 (0.1 g/L) 
26.9  mg/L Ultrasonic degradation 
ith kind permission of Elsevier [32].under the effect of electron beam irradiation and catalyst.
ratio was over 90%, under the use of C3H6 as an additive, and the
NOx decomposition rate up to 60% for a NO feed content of 55 ppm
(Fig. 10) [40].
Vinogradov et al. examined the NOx decomposition in an opti-
mized corona plasma reactor for an exhaust gas generated from
diesel engines and, thereafter, drew a comparison between their
own reactor and those of other similar studies in terms of the
decomposition and efﬁciency rate (Fig. 11) [41]. For a plasma energy
density over 100 J/L, the reactor designed by Vinogradov et al. had
a better cleanness-removal rate by 100% and process efﬁciency by
13% [41]. On the other hand, Sretenovic et al., focusing on the same
alysts. The table has been partially modiﬁed for the purpose of this review.
Energy input 
50 W 0.6 × 10−9 mol/J
g/L 50 W 7.4 × 10−9 mol/J
g/L 50 W 9.5 × 10−9 mol/J
99 W 3.1 × 10−9 mol/J
40 kW 1.04 × 10−9 mol/J
2 MW 2.28 × 10−9 mol/J
53 W 0.76 × 10−9 mol/J
200 W 2.65 × 10−9 mol/J
53 W 3.00 × 10−9 mol/J
1 kW 1.89 × 10−11 mol/J
50 W 5.0 × 10−4 mg/J
125 W 1.0 × 10−5 mg/J
50 W 6.1 × 10−5 mg/J
50 W 43.8 × 10−5 mg/J
.33 mM Fe3+ 50 W 207 × 10−5 mg/J
200 W 5.0 × 10−7 mg/J
80 W 4.2 × 10−5 mg/J
14 V. Hessel et al. / Catalysis To
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rocess but in a pulsed corona reactor coupling a Marx generator,
chieved an energy efﬁciency of more than 80% [42].
The synergetic effect of catalysis and pulsed corona discharge
n NOx abatement is investigated thoroughly by Rajanikanth and
out [43]. Four gas streams of N2, CO2, NO in N2 and O2 are injected
n a cylindrical pulsed-power plasma reactor (Fig. 12) with and
ithout the presence of various catalyst-based pellets. The reactor
perates at an applied voltage range of 10–30 kV and at a tem-
erature of 25 ◦C. The use of catalyst enhances considerably the
itric oxide removal efﬁciency for different applied pulse repeti-
ion rates and inlet concentrations (Figs. 13 and 14). Complete NO
emoval is achieved for a NO/N2 gas stream with 265 ppm concen-
ration under the effect of BaTiO3 pellets, whereas alumina catalyst
eaches a removal ratio of 84% [43].
Dors and Mizeraczyk utilized a DC corona discharge reactor cou-
ling NH3-free and NH3-saturated V2O5/TiO2/Al2O3 catalyst as a
ay to examine nitrogen oxides abatement [44]. In the reactor
Fig. 15), a gas stream of nitrogen, oxygen, carbon dioxide and nitro-
en oxide with total ﬂow of 1 l/min is injected and treated by a
Fig. 8. COD degradation under plasma-catalytic treatment for wastewat
ith kind permission of Elsevier [33].day 211 (2013) 9– 28
DC corona discharge at an applied voltage of 15–38 kV and current
range of 50–200 A. Without the presence of catalyst, the process
results in a removal and energy efﬁciency of 66% and 1.8 g NO/kWh
respectively. In the presence of NH3-saturated catalyst, the cor-
responding removal and energy yield reach up to 96% and 3.4 g
NO/kWh (Figs. 16 and 17) [44].
Another study on the NOx abatement entails the implemen-
tation of a corona radical-shower system incorporating a Pd/Rd
catalyst downstream of the reactor (Fig. 18) [45]. A gas stream of
nitric acid, toluene, sulphur dioxide and air/CH4 or air/NH3 inserts
the reactor at a temperature range of 293–323 K. Experimental
results demonstrate a better NO removal ratio up to 100% for NH3,
as an additive to the abatement process, compared to CH4 which
reaches approximately up to 84%. The reported energy efﬁciency is
20 g NOx/kWh [45].
2.2. Surface modiﬁcation
Tuning surfaces towards being hydrophilic or (super-)
hydrophobic, e.g. for reasons of wetting or adsorption of materials,
is a main ambition when functionalising surfaces via chemical
or physical self-assembly or other surface treatment such as
plasma-assisted. The modiﬁcations tune surface properties such
as surface friction, wettability, corrosion resistance, or other. Since
this satisﬁes various demands on the consumer and industrial
market, it is one of the most pronounced commercial applications
of plasma technology. Energy/power setting and distribution are
key parameters for achieving optimal results in surface treatment
and some focus in the discussion below will be given on this
issue. Less information is provided about the energy efﬁciency
of the systems, likely because the publications do not refer to
mass-production.
2.2.1. Industrial plasma processes for surface modiﬁcation
Suchentrunk et al. have investigated a wide range of indus-
trial processes that use plasma surface modiﬁcation as a method
to impart or enhance speciﬁc characteristics of materials [12]. For
instance, plasma polymerization has been implemented in automo-
tive industry and metallurgy, since it is a method that applies an
ultra-thin polymer coating on the material surface that can reduce
er samples: (W1) untreated and (W2) locally treated wastewater.
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Fig. 9. Schematic overview of corona discharge reactor integrated into an industrial furnace plant.
With kind permission of Korean Physical Society [34].
Fig. 10. NO and NOx removal efﬁciency under different operating parameters.
With kind permission of Elsevier [40].
Fig. 11. Comparison of different works in terms of the (a) NOx removal cleanness and (b) NOx removal efﬁciency.
With kind permission of Elsevier [41].
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ith kind permission of Elsevier [43].urface roughness and corrosion, thereby preventing short-term
urface destruction. More indicative examples of plasma-surface
odiﬁcation are provided in details below, focusing mainly on pro-
ess efﬁciency.
ig. 13. Effect of applied voltage on the NO removal ratio for the different treated
as  streams under the presence and absence of pellet-based catalysts.
ith kind permission of Elsevier [43]. in the NOx abatement under pulsed corona discharge.
2.2.2. Plasma surface treatment of polytetraﬂuoroethylene
Shi et al. investigated the surface roughness, wettability and
content of polytetraﬂuoroethylene (PTFE) under the effect of cold
plasma treatment to increase its surface hydrophilicity [46]. In a
glass plasma chamber, PTFE ﬁlms are treated with air, helium and
acrylic acid plasma under an applied frequency of 13.56 MHz  and
an applied power range of 0–0.5 kWh  [46]. Helium plasma treat-
ment has the most signiﬁcant effect on the surface roughness and
wettability of PTFE compared to air and acrylic acid plasma oper-
ating at the same conditions. The water contact angle of PTFE ﬁlms
treated with He plasma decreases from 136.8◦ to 95.5◦ at 100 W and
a treatment time of 60 s (Fig. 19). Improved results are observed at
300 W and a treatment time of 180 s, achieving a contact angle of
98◦. The F/C elemental ratio on the PTFE surface is decreased up to
60% (from 3.0 to 1.2) for He plasma treatment [46].
Fig. 14. Effect of input power on the NO removal ratio under the presence and
absence of pellet-based catalysts.
With kind permission of Elsevier [43].
V. Hessel et al. / Catalysis Today 211 (2013) 9– 28 17
Fig. 15. Schematic overview of the DC corona discharge reactor integrating
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W2O5/TiO2/Al2O3 catalyst.
ith kind permission of Elsevier [44].
.2.3. Surface modiﬁcation of polyethylene terephthalate (PET) by
on-thermal DBD plasma
Fang et al. examined the PET surface treatment with non-
hermal dielectric barrier discharged plasma by altering the applied
ower density [47]. PET ﬁlms are treated by non-thermal plasma
nder ambient conditions at an applied voltage and frequency
ange of 0–20 kV and 1–15 kHz, respectively. A decrease of the
ater contact angle of PET ﬁlms is achieved for a treatment time
p to 10 s. This value stabilized to 39◦ at higher treatment time for
ll the power densities applied [16]. By increasing the power den-
ity of the DBD induced plasma (Fig. 20), the contact angle of PET
urface decreases at a faster time, reaching up to 1 s for an applied
ower density of 30.6 W/m3. Contrary to the contact angle, PET sur-
ace energy increases for a treatment time up to 10 s, whereas for
lasma treatment over 10 s it settles around the value of 55 mJ/m2
or all applied power densities [47]. An increase in the power den-
ity induces a faster increase in the surface energy which could be
ttributed to the formation of polar oxygen-containing groups on
he surface of PET ﬁlms (Fig. 21) [16,47].
ig. 16. Effect of energy density on the NO and NO2 concentration under the pres-
nce  and absence of NH3-free and NH3-saturated catalyst.
ith kind permission of Elsevier [44]).Fig. 17. Effect of energy density on the NOx concentration under the presence and
absence of NH3-free and NH3-saturated catalyst.
With kind permission of Elsevier [44].
2.2.4. Improvement of dibenzothiophene adsorption capability of
activated carbons
Zhang et al. studied the oxygen plasma treatment of activated
carbons as a method to enhance their adsorption capability towards
dibenzothiophene [48]. In a plasma reactor chamber with oper-
ating frequency and power 13.56 MHz  and 100 W,  respectively,
activated carbon is treated by oxygen plasma at ambient conditions.
The adsorption capability of untreated and plasma treated samples
towards nitrogen is examined under ambient conditions in terms
of their surface area and total pore volume [48]. Samples treated
for 30, 60 and 120 min  demonstrated a corresponding increase of
their adsorption by 35%, 45% and 49%, respectively [48].
2.2.5. Plasma surface modiﬁcation of reverse osmosis (RO)
membranes
The hydrophilicity enhancement of RO membranes through
plasma polymerization was examined by Zou et al. [49]. In a plasma
reactor chamber operating at a frequency of 13.56 MHz, samples of
RO membranes are treated under the effect of a triglyme stream
with ﬂow rate of 0.4 cm3/min. Plasma polymerization induces a
decrease in the water contact angle by 78%, reaching down to 7◦,
which, in turn, contributes to the elimination of ﬂux losses [49].
3. Hydrocarbon plasma reforming
3.1. Fundamentals and role of plasma catalysis
Nowadays, as more stringent environmental regulations are
being enforced, energy intensive industries encounter consider-
able challenges regarding CO2 emissions, energy oriented costs and
industrial process efﬁciency [50]. Reforming processes of hydro-
carbons integrated into current oil reﬁneries, future bio-reﬁneries
and chemical industry are featured by high energy consump-
tion and, thereby, owe increased production costs [50]. Recently,
many research studies have focused on the potential of green
chemistry, and more speciﬁcally on plasma-assisted catalysis, as
a pathway to ensure alignment with the economics of indus-
trial production and environmental sustainability [50–52]. Another
future application of plasma fuel processors could be the fuel-
ﬂexible hydrogen supply for stationary and mobile fuel cell systems
of the medium to larger scale. The plasma-assisted hydrocarbon
18 V. Hessel et al. / Catalysis Today 211 (2013) 9– 28
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eforming process was highly researched in past years. The rea-
on is mainly because the normal reforming process using catalyst
equires high temperature and, in turn, high energy consump-
ion. By applying plasma-assisted reforming, the reaction could
ccur even under room temperature but with uncertain selec-
ivity [53]. So synergetic effect between plasma and catalyst will
ecrease the reaction temperature and maintain certain selectivity
54–60].
Plasma catalysis in fuel reforming has been thoroughly exam-
ned under the scope of various operating parameters, such as
he type of the employed plasma, plasma kinetics, the plasma
eactor conﬁguration, the input power supply and the process
Fig. 19. Effect of applied power on the water contact angle of P
ith kind permission of Elsevier [46].scharge plasma treatment of NOx .
energy requirements [50,53]. In the context of hydrocarbon fuel
reforming, the kinetics and mechanisms governing both non-
thermal and thermal plasmas play a signiﬁcant role in determining
the reaction efﬁciency and the type of ﬁnal reforming products
[61,62]. Electron energy density depends on the plasma dis-
charge method and favours endothermic reactions where plasma
chemistry is predominant and collisions among plasma excited
species are enhanced. It is also observed that high electron energy
density assists the dehydrogenation process, producing lower
hydrocarbons, such as C2H4 and C2H2 [49].
Furthermore, another important parameter which has been
studied in depth is the synergistic effect of plasma and catalysis
ET ﬁlms for air, helium and acrylic acid plasma systems.
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Fig. 20. Effect of PET residence time on water contact angle under the effect of ﬁve
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Wifferent power densities.
ith kind permission of Elsevier [47].
n the production efﬁciency. The typical synergy between plasma
nd catalyst is shown in Fig. 22 [54].
Wang et al. found that only when the plasma and catalyst have
he intensive contact mode (see Fig. 22(c)), the synergetic effects
ppear at 673 K. The activity temperature is decreased from 974 K to
73 K by excitation of in situ plasma [54]. But the carbon deposition
aused by the decomposition of methane is a critical parameter that
ig. 22. Dielectric barrier discharge reactor with: (a) catalyst located after the discharg
ischarge area.
ith kind permission of ACS Publications [54].ﬁve  different power densities.
With kind permission of Elsevier [47].
researcher need to solve in the reforming process, where higher O/C
could be a solution [54–60].
Sobacchi et al. observed that hydrogen production by non-
thermal plasma catalytic reforming of isooctane increases signif-
icantly, almost by a factor of 2.5 compared to plasma treatment
without catalyst at the same operating conditions [63]. Addition-
ally, Chen et al. studied extensively the mechanisms applied in
e area; (b) catalyst located near the discharge area (c) catalyst located within the
20 V. Hessel et al. / Catalysis Today 211 (2013) 9– 28
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Since some of the above given examples discuss as well speciﬁc
reactor conﬁgurations, here only one further, yet striking example
shall be given. The production of hydrogen through partial oxida-
tion of methane is studied also in a two-stage arc plasma catalyticFig. 23. Schematic set-up me
ith kind permission of Elsevier [65].
he hydrogen production through plasma-catalysis treatment of
ydrocarbons [62]. Intense focus is placed mostly on the synergetic
ffect of plasma and heterogeneous catalysis in a one-stage and
wo-stage reactor. In a two-stage plasma reactor where the catalyst
s placed after the discharge area, excited free radicals and species
roduced in the plasma environment have a short life span, there-
ore, they perish prior to their arrival to the catalyst surface. The role
f the catalyst, at that point, entails the adjustment of by-products’
electivity to desired levels. On the other hand, in a one-stage reac-
or, where the catalyst is incorporated in the discharge area, the
ormation of excited vibrational radicals and other species takes
lace [62]. This is likely to assist the process of thermal catalysis by
ncreasing the destruction rate of hydrocarbons.
In the following chapters, an overview of plasma fuel reforming
rocesses that can be implemented at an industrial scale, is given
nder the lens of plasma catalysis and energy associated require-
ents.
.2. Methane processing
.2.1. Catalyst impact
Methane decomposition into hydrogen was studied through
he implementation of microwave plasma technique coupled with
iO/Al2O3 catalysis [64]. A methane stream with total ﬂow rate up
o 175 L/min is combined with a nitrogen stream and then the gas
ixture is introduced in a plasma reactor operating at ambient con-
itions and an applied power supply of 3000–5000 W.  At a methane
tream of 175 L/min, a nitrogen stream of 50 L/min and an applied
ower supply of 300 W,  the highest hydrogen yield and methane
onversion of up to 12.8% and 13.2% is measured respectively. The
icrowave plasma method applied for the hydrogen production
roves to be more energy efﬁcient, by a factor of 3–4 times, than
he conventional treatment methods [64].
Horng et al. examined the plasma catalytic reforming of
ethane and propane for hydrogen production in a plasma con-
erter (Fig. 23) [65]. The primary side of the power supply unit
perates at an input power of 36 W and frequency of 200 Hz,
hereas the setting of the secondary unit is at a corresponding
ower of 16 W and a frequency of 200 Hz [65]./propane plasma treatment.
The reforming process implemented Rh- and Pt-based com-
mercial catalysts and varied methane and propane ﬂow rates of
1–10 L/min and 0.5–4 L/min, respectively. A clear dependence of
the fuel conversion rates and hydrogen yield for both the gas feeds
on the reformate gas temperature and a better performance for
methane is observed (Fig. 24). The hydrogen yield of methane
reforming is higher, up to 78%, as compared to propane which
reached a yield of 65% [65].
Apart from the hydrogen yield, a relatively high thermal efﬁ-
ciency is observed for methane reforming, up to 72% at 750 ◦C, and
a low reformate temperature which precluded deterioration of cat-
alyst performance (Fig. 25). For propane, the best thermal efﬁciency
up to 59% is observed at a temperature of 850 ◦C [65].
3.2.2. Reactor conﬁgurationFig. 24. Effect of reformate gas temperature on hydrogen production for different
stream ﬂow rates.
With kind permission of Elsevier [65].
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Fig. 25. Effect of reformate gas temperature on thermal yield for different stream
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eactor by applying both thermodynamic models and experiments
66]. The plasma reactor incorporates -alumina supported nickel
atalysts to treat effectively the input stream consisting of methane,
ith total ﬂow rate between 5 and 10 L/min and a O/C ratio of
.2–1.8. The highest methane conversion of 90.2% and hydrogen
ield of 89.9%, accompanied by the lowest energy requirements of
.21 MJ/kg-H2 is obtained for a temperature of 750 ◦C [66].
ig. 26. Schematic presentation of the four different modes of methanol plasma assisted t
he  effect of: (A) BaTiO3 and the absence of plasma; (B) BaTiO3 and Cu–Mn catalyst; (C) B
lasma.
ith kind permission of RSC Publishing [68].day 211 (2013) 9– 28 21
3.2.3. Energy requirements of the CH4 reforming process
Tao et al. focused on identifying the most energy efﬁcient plasma
technology for methane dry reforming at industrial scale [24]. Dif-
ferent plasma treatments are examined and reviewed in terms of
the speciﬁc energy (SE) and the energy conversion efﬁciency (ECE)
of the CH4 reforming process. These measures are chosen as key
performance indicators of the examined plasma processes. Low
SE and high ECE values, where 0 < ECE < 1, stand for low energy
consumption associated with the reforming process. The mini-
mum value of SE is 61.75 kJ/mol, which corresponds to the energy
consumption of the production of 1 mol  of carbon monoxide and
hydrogen [24].
Regarding the applied plasma techniques, the cold plasma gen-
erated by corona discharge at an applied power supply of 46.3 W
is employed for the treatment of an equimolar CH4/CO2 stream
at a ﬂow rate of 43 mL/min [24]. The conversion of methane is
62% whereas the calculated ECE and SE are 0.13% and 1798 kJ/mol,
respectively. At a reduced feed ﬂow rate of 20 mL/min and an
applied power of 107.4 W,  the dielectric discharge barrier plasma
enhances methane conversion up to 73%; yet at the price of less
energy efﬁciency with an ECE of 0.04 and SE of 7289 kJ/mol. Addi-
tionally, the coupling dielectric discharge barrier induced plasma
with Ni/-Al2O3 catalyst reduces the methane conversion to 56%
and increases the related SE up to 10.4 MJ/mol [24].
Contrary to the aforementioned employed plasma techniques,
microwave discharge, glow discharge and thermal plasmas exhibit
higher energy efﬁciency regarding the CH4 dry reforming process
[24]. Cold plasma induced by atmospheric pressure glow discharge
and coupled with Ni/-Al2O3 catalyst is utilized in the treatment
reatment and the associated reaction products. Methanol reforming process under
aTiO3 and the presence of plasma; (D) BaTiO3, Cu–Mn catalyst and the presence of
22 V. Hessel et al. / Catalysis Today 211 (2013) 9– 28
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mig. 27. Schematic overview of the microwave plasma reactor operating at atmo-
pheric pressure.
ith kind permission of Elsevier [69].
f a feed stream consisting of methane, carbon dioxide and nitro-
en at a ﬂow rate of 1.67 L/min and an applied power supply of
70 W.  This particular plasma technique displays the most energy
fﬁcient performance by achieving an SE and ECE of 134 kJ/mol and
.8%, respectively. This could be actually attributed to the applied
lasma frequency of 20 kHz which entails high electron density and
emperature, thereby improving plasma excitation and methane
eforming process, as well as, the heating of the nickel/-alumina
atalyst [24].
.3. Methanol processing
Methanol and ethanol decomposition are used as routes for the
roduction of hydrogen via the application of microwave plasma.
n a plasma reactor with an applied power supply of 200–700 W,
 stream of ethanol/methanol/argon is injected under atmospheric
ressure [67]. The effectiveness of the applied plasma technique is
ustiﬁed by achieving high conversion efﬁciency of methanol. By
dding water vapour in the feed stream, the H2 production signiﬁ-
antly improves, with an increase of 50% [67].
Rico et al. investigated the methanol reforming process under
he effect of DBD plasma assisted catalysis [68]. The space between
he electrodes of the DBD reactor is ﬁlled up with BaTiO3 beads. A
eed stream of methanol with total ﬂow of 5–30 L/min is treated
ith plasma (Fig. 26) employing Cu–Mn catalyst under four differ-
nt operating modes. The DBD plasma is generated at a discharge
oltage of 800 V, a frequency of 900 Hz, atmospheric pressure and
elatively low temperature (T < 115 ◦C) [68].
In the absence of plasma and catalyst (Fig. 26a) no methanol
onversion is observed. A slight improvement is detected in the
ethanol decomposition rate under the use of catalyst only, reach-
ng up to 2%. On the other hand, as shown in Fig. 26c and d, plasma
nd plasma-assisted catalysis generate higher conversion rates,
eaching up to 92% and 97%, severally [68].
Plasma induced decomposition of methanol under the effect of
tmospheric pressure microwave discharge is examined by Wang
t al. [69] In a microwave plasma reactor (Fig. 27), a MeOH/N2
tream of a 12.4 L/min ﬂow rate is treated by atmospheric pressure
lasma generated at an applied power supply range of 800–1400 W
nd a methanol molar feed content of 3.3% and 5.0%.
Methanol conversion, on an overall very high level, increases
lightly in the power range of 800–1200 W,  reaching up to 99.8%
Fig. 28). At a power supply of 1200 W,  methanol reforming
fﬁciency decreases slightly. Hydrogen selectivity shows also an
ncrease in the power range of 800–1400 W,  yielding up to 86% for a
ethanol molar fraction of 3.3% and 82% for a molar fraction of 5.0%.Fig. 28. Methanol conversion for different discharge power at MeOH feed molar
content of 3.3% or 5.0%.
With kind permission of Elsevier [69].
As far as the energy requirements of hydrogen production are con-
cerned, an energy consumption of 13.2 eV/molecule-H2 is observed
for a methanol molar fraction of 5.0% and an applied power supply
of 800 W.  At the same power level, using a molar fraction of 3.3%
leads to a higher energy demand of 19.9 eV/molecule-H2 [69].
3.4. Dimethyl ether processing
The application of non-equilibrium plasma in the partial oxi-
dation of dimethyl ether for H2 production is investigated by Zou
et al. [70]. In a corona discharge reactor, plasma excitation took
place under ambient conditions and an applied frequency range
of 0–15 kHz. A gas stream of O2, Ar and dimethyl ether is sub-
ject to plasma treatment under the effect of various catalysts. The
impact of the O/C ether ratio on the conversion rate is examined.
An increase of the O/C ether ratio induces a corresponding increase
of the dimethyl ether conversion rate. For an O/C ratio of 1.38, H2
conversion efﬁciency increases by a factor of 1.33 compared to the
conventional dimethyl ether decomposition [70].
3.5. Hydrogen sulphide processing
The decomposition of hydrogen sulphide into hydrogen and
sulphur is investigated in a corona discharge reactor utilizing non-
thermal plasma. H2S has a high dielectric strength which actually
deters the plasma generation [71]. For that reason, the effectiveness
of four different dilution gases, Ar, He, N2, and H2, on the breakdown
voltage of H2S is examined. A gas mixture of H2S and a dilution gas
is introduced at 300 K in the non-thermal plasma reactor operating
at a maximum pressure of 5.0 bar, an applied voltage of 6.9–30 kV
and a frequency of 0–1000 Hz. Increasing H2S concentration trigg-
ers an initial increase of the conversion rate, achieving a maximum
value, and then a signiﬁcant drop. Among the applied dilution gases,
the Ar and He are considered the most appropriate to reduce the
breakdown voltage of hydrogen sulphide and, thereby yield better
conversion rates. The better performance of those gases is actually
attributed to the reaction mechanisms which entail the collision of
electrons or other excited species with H2S molecules leading to
direct dissociation [71].4. Plasma-based nitrogen ﬁxation
Nitrogen ﬁxation constitutes a chemical process in which nitro-
gen is converted into nitrogen products, such as nitric oxide,
sis Today 211 (2013) 9– 28 23
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Fig. 29. Energy consumption of ammonia production over a period of 50 years.
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mmonia, hydrogen cyanide and more. The process is actually car-
ied out under three different reaction conditions:
) atmospheric conditions, known as atmospheric ﬁxation [72]
) industrial conditions, known as Haber–Bosch process [73] and
) soil conditions, known as biological ﬁxation, where the nitrogen
ﬁxation is assisted by certain enzymes and bacteria [74].
.1. Industrial Haber Bosch route – conventional path
The contemporary industrial nitrogen ﬁxation employs the
aber–Bosch process for the synthesis of ammonia [73]. This is an
nergy intensive process which generates ammonia from nitrogen
nd hydrogen under the effect of an iron catalyst at a temperature
f 750 K and a pressure of 10 MPa  [73]. Hydrogen production is car-
ied out either by steam reforming or partial oxidation of different
uel types and determines to a great extent the total energy con-
umption of the ammonia process. In particular, a typical ammonia
lant is characterised by a production capacity of a 1000–1500 t/d
 for new plants it can amount more than 3000 t/d [75] – and an
verage energy consumption for natural gas feedstock of approx-
mately 36.6 GJ/t NH3 (Fig. 29) [76]. However, for heavy fuel and
oal-based ammonia units, the energy consumption can reach even
p to 59.8 and 165.9 GJ/t NH3 respectively [75]. It is also worth to
ention that the annual production of Haber–Bosch process sur-
asses the amount of 100 million tons of fertilizing products with
n associated energy consumption of 8 × 1018 J [77].
Generally, the efﬁciency of the ammonia synthesis is intrin-
ically linked with the energy performance of all associated
ub-processes, like the synthesis loop, the hydrocarbon reform-
ng and CO2 removal sections. Table 2 clearly demonstrates that
mong all of the process units, hydrocarbon reforming is respon-
ible for over 50% of the total energy consumption, fact that
Fig. 30. Flowsheet of conventional
ith kind permission of Elsevier [80].Plants are assessed in 2008 IFA benchmarking. The ﬁgure has been partially modiﬁed
for the purpose of this review.
With kind permission of International Fertilizer Industry Association [76].
constitutes a potential bottleneck when production capacity needs
to be increased [75]. More speciﬁcally, Panza et al. focusing on
the revamping of an ammonia synthesis unit have identiﬁed that
increasing production rate is likely to pose serious bottlenecks to
the capability of ammonia upstream and downstream units – such
as primary reformer and syngas compressor – to cope with high
feedstock and ammonia ﬂuxes [78,79].
Kirova-Yordanova examined the commercial production of
ammonia and presented the calculations of the reaction associ-
ated exergy losses [80]. In speciﬁc, a parametric exergy analysis
of the ammonia generation is made for an iron catalytic reactor
in a production unit (Fig. 30). The conversion rate, the feed con-
tent and the minimum operating temperatures of the auxiliary
feedwater system are chosen as variable parameters. Exergy losses
associated with the reaction process and the auxiliary heating and
water sources are calculated up to 65% of the total losses (Fig. 31).
Recommendations upon the exergy optimization of the ammonia
 ammonia synthesis system.
24 V. Hessel et al. / Catalysis Today 211 (2013) 9– 28
Table 2
Breakdown of energy consumption by unit of an ammonia plant.
Unit operation US ammonia manufacturing (1996) Low energy ammonia plant
Gas Steam Losses Electricity Gas Losses
Reformer feed 20.4 22.3
Reformer fuel 9.9 6.8
Primary reformer 4.8 0.7
Secondary reformer 0.0
Waste heat boiler −5.6
Shift + CO2 removal 1.2 0.2 1.3
Methanator 0.3
Synthesis loop −2.0 0.2 1.7
Aux.  boiler 4.5 −3.9 0.3
Turbines/compressor 5.5 6.5
Miscellaneous 0.3 0.1 0.7
Flare 0.3
Total 35.0 0.0 0.6 0.5 29.3 10.9
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With kind permission of Elsevier [75].
stimated energy balance for ammonia plants in GJ (LHV)/t NH3.
oiler efﬁciency is assumed to be 86% (LHV). Power generation efﬁciency is assume
roduction entail the transfer of the heat generated from the reac-
ion and its incorporation into other energy demanding system
nits such as a high pressure steam generator [80].
.2. Plasma catalysis route – an alternative?
Nitrogen ﬁxation constitutes one of the ﬁrst industrial applied
rocesses for plasma processing. In 1903, Birkeland and Eyde sug-
ested a process in which nitrogen oxides were produced through
ir quenching in an electric arc [81]. Due to the high demand in
alcium nitrate during the 20th century, over 120 furnace units
tilizing arc discharge were constructed in Norway exploiting the
vailable hydropower energy [81].
A different approach to nitrogen ﬁxation in terms of the asso-
iated energy requirements is considered to be the technique of
lasma-assisted catalysis [82]. Many experimental studies have
laced their interest on plasma technology as an upcoming path-
ay to an intensiﬁed nitrogen treatment. Even as early as in the
890s, scientists had attempted to comprehend the energy efﬁ-
iency and the mechanisms of plasma regarding nitrogen ﬁxation.
’Hare studied the nitrogen ﬁxation through plasma treatment in
n electrically discharge reactor under the effect of metal catalysts
r alloy of metals [82–84]. The reactor employs a cooling system
or the produced gases based on large surface electrodes that are
ble to generate a high-temperature plasma and, at the same time,
o be rapidly cooled (Fig. 32). This allowed not only for recovery of
ig. 31. Exergy loss distribution in studied ammonia synthesis loops with different
mmonia concentration, “A” means: no inert, “B” means: with inerts.
ith kind permission of Elsevier [80].e 33%.
the heat of the produced gases, but also the transfer of the absorbed
heat to the reactants entering the plasma area.
4.2.1. Plasma-catalyzed NH3 manufacture
Advantages of plasma catalysis for ammonia synthesis as com-
pared to the Haber–Bosch process have been reported [85]. The
plasma reactor contained a catalyst coated membrane (Fig. 33).
A gas mixture of nitrogen and oxygen is inserted in the plasma
reactor which operates at ambient conditions and an applied
voltage and frequency of 2.5–4.5 kV and 21.5 kHz, respectively.
Increasing ﬂow rate leads to an increase in the energy efﬁciency,
reaching up to 5.5 × 109 mol/J [85].
The process of ammonia production under plasma treatment
has also been considered under different operating conditions [86].
A gas mixture of nitrogen and hydrogen is inserted into a plasma
catalytic reactor operating at an applied power range of 2–8 kV
under four different treatment conditions. In comparison to the
Haber–Bosch process, where N2 and H2 atoms decouple on the
catalyst surface, the related atoms are dissociated into free radi-
cals during their passage in the plasma-assisted reaction. A clear
dependence of the ammonia yield on the feed content is found. For
a hydrogen ratio of 0.7 the achieved NH3 yield is 30%, whereas the
maximum value achieved is up to 33% for plasma nitrogen treat-
ment [86].
The microwave plasma technique is employed for the pro-
duction of ammonia (NH3) implementing microwave plasma at
ambient pressure [87]. A gas mixture of nitrogen, helium, argon and
hydrogen is injected into the plasma reactor operating at a power
of 1.3 kW and frequency of 2.45 GHz and the effect of H2 supple-
ment to the input feed and the afterglow region on NH3 yield is
examined [87]. Adding hydrogen to the feed leads to a decrease
in the NH3 production whereas the hydrogen supplement in the
afterglow area posed a signiﬁcant increase in the NH3 yield and
N2 conversion rate by a factor of 20 compared to initial reaction
conditions [87].
4.2.2. Plasma-catalyzed NOx production
Apart from the ammonia production, other products of nitrogen
ﬁxation under plasma treatment have been studied. Since 1990,
a solid understanding on nitric oxide generation by lightning has
been established, see e.g. Liaw et al. [88] or Gallardo and Cooray
[89]. Nna Mvondo et al. expanded further the previously acquired
knowledge, by examining nitric oxides (NOx) production under the
effect of corona discharge and laser generated plasma in a sim-
ulated space environment [90]. A gas mixture of carbon dioxide
and nitrogen with purity of 99.9% is introduced in two  different
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eactors: a corona induced reactor at an applied pressure of 1 bar
nd a reactor with an electrically generated plasma at 20,000 K.
bservations demonstrate that in the case of plasma NO formation
ccurs at a 80% CO2 feed content with an accompanied energy pro-
uction of ∼1.3 × 1016 molecule/J. In contrast, by corona discharge
O is produced at a 50% CO2 feed content with an energy yield
f ∼1.3 × 1014 molecule/J. N2O production is only apparent under
he effect of corona discharge at a 50% CO2 feed content with an
ssociated energy production of ∼ 1.2 × 1013 molecule/J [90].
Belova et al. studied the NO synthesis from nitrogen and oxygen
n a glow discharge reactor integrating Pt, Ag, Cu, CuO and Fe gauze
Fig. 33. Schematic overview of plasma reactor i
ith kind permission of Elsevier [85].amber with four electrodes.
catalysts [91]. A gas stream of N2/O2 with a ﬂow range of 0.5–20 L/h
and 1:1 molar ratio is introduced to the reactor operating at an
applied current of 36 mA and three different pressures of 25, 50 and
100 mmHg, respectively. When the inﬂuence of the speciﬁc energy
of nitrogen oxidation reaction on NO production yield is monitored,
a pressure independence is revealed of the latter under the effect of
catalyst, as well as, high performance for Pt gauze reaching an NO
concentration up to 9% at 50 mmHg. At a pressure of 50 mmHg and
in the absence of metallic gauzes, the maximum achievable yield
amounts to 2.1% [91]. However, for a 1:4 feed molar ratio and same
operating conditions, experimental results demonstrate a decrease
ncorporating catalytic tubular membrane.
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F
(
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n the NO yield up to 7.22% in the presence of Pt gauze catalyst, but
till higher than the 1.81% concentration generated without catalyst
92].
Sun et al. investigated the NOx synthesis in an atmospheric pres-
ure DBD plasma reactor utilizing Cu-ZSM-5 pellet catalysts [93].
 gas stream of He containing 2.0% NO, 0.5% N2 and O2 (5.4% in
2) is inserted in the plasma reactor which operates at a 50 Hz fre-
uency, a temperature up to 450 ◦C and a voltage range of 0–40 kV.
rior to initiation of the reaction, the catalyst is preheated in a He
ow at 600 ◦C. Based on the experimental results, nitric oxide pro-
uction predominates to nitric dioxide in the NOx synthesis which
emonstrates a clear temperature dependence as it can be depicted
n Fig. 34. By increasing the temperature from room conditions to
50 ◦C, NOx production is increased signiﬁcantly reaching approxi-
ately up to 1.3 × 1014 molecules/J. However, further temperature
ise, especially above 350 ◦C when NO decomposition is also initi-
ted, enhances NOx formation up to 11.2 × 1014 molecules/J for the
u(165)-ZSM-5 catalyst [93].
Rahman et al. studied the NOx production by impulse spark
nder an applied voltage of 160–350 kV [94]. In the experiments air
ith a ﬂow range of 0.60–0.64 dm3/min is inserted in the chamber
here spark is generated between the two electrodes (Fig. 35). The
as stream is treated under three different impulse voltages, 1.2/50,
/20 and 10/350 respectively, and the inﬂuence of certain operat-
ng parameters on the NOx concentration is examined. According
o the ﬁgures, increasing the peak current for each applied impulse
oltage induces a corresponding increase in the NOx formation. In
articular, for the 1.2/50, 8/20 and 10/350 voltages the maximum
Ox production is 2.1 × 1020, 3.6 × 1020 and 3.0 × 1021 molecules
er meter. Moreover, extending the duration of the generated cur-
ent waveforms enhances also the NOx synthesis [94].
Bian et al. analysed a different nitrogen ﬁxation, the production
f nitric acid under the effect of plasma technique [72]. A nitro-
en stream of nitrogen into a bubbling gas with a ﬂow of 120 L/h
ig. 35. The effect of peak current on the NOx concentration for three different voltage im
b)  8/20 and (c) 10/350 (tungsten coating (X) or stainless steel (*) electrodes).
ith kind permission of Elsevier [94].of different Cu (165)-ZSM-5 (), Cu(88)-ZSM-5 () and Na-ZSM-5 ().
With kind permission of RSC Publishing [93].
is injected in electrical discharge. The reactor is operating in the
voltage range of 0–50 kV and a frequency of 140 Hz [72]. Reaction
products are distributed into two phases: the liquid phase which
contains HNO2 and HNO3 and the gas phase which consisted of
NO and NO2. Increasing voltage triggers a corresponding increase
in the efﬁciency of nitrogen ﬁxation with the highest value being
achieved at an applied voltage of 25 kV and a frequency of 140 Hz.
pulses: (a) 1.2/50 (tungsten coating (X) and the stainless steel (* and O)  electrodes),
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he maximum N2 yield is reached for a 66.7% oxygen feed content
72].
.2.3. HCN formation and plasma catalysis
Hydrogen cyanide synthesis has been widely investigated under
he scope of plasma catalysis [95,96]. Wan  and Koch focused on the
CN production through microwave induced plasma catalysis [97].
ore speciﬁcally, in quartz tube reactor a stream of ammonia and
arbon with total ﬂow of 5 cc/min is treated by microwave plasma.
he plasma is generated at a frequency of 120 Hz and power sup-
ly of 2.5 kW.  The carbon feed is in the form of powder enhanced
ith a metal catalyst (platinum, nickel, etc.) [97]. Observations on
he concentration of the reaction products demonstrate a hydrogen
yanide yield of 73%, while conventional industrial process reaches
 conversion range of approximately 60% [98]. In addition to that, as
hown in Fig. 36, Sekimoto and Takayama reported for a DC corona
ischarge plasma minimum energy requirements associated with
CN formation of 1.2 eV≈27.67 kcal/mol [96].
. Conclusions
Plasma catalysis leads to remarkable improvements over (non-
atalysed) plasma processing and conventional processing in the
ndustrial ﬁeld of VOC/waste destruction and the near-industrial
eld fuel processing/decomposition. In several cases this results
n an improved energy efﬁciency of the process, besides giving
igher yield or faster productivity. Energy efﬁciency is also a
opic within plasma-assisted surface-functionalization as second
ndustrial ﬁeld. All these ﬁndings are shown at several litera-
ure examples, with emphasis on applied and industrially-targeted
esearch.
Yet, while – to a minor extent – this has been found as well
or chemical reactions, exempliﬁed here at the nitrogen ﬁxations,
 commercial use is largely absent. This may  be, ﬁrst of all, due
o the fact that most often competing processes with conventional
echnology exist. Even though that lab-scale plasma experiments
ay  demonstrate advantages, risk of scale-up failure is a strong
otif for chemical industry not to implement an innovation. On
he contrary, plasma has a quite unique-selling-point position for
OC/waste destruction and surface modiﬁcation; especially in the
atter case; providing the niche for the technology which is not so
asily given for chemical industry.In addition, chemical processing is often of high complexity and
one at large scale. We  indicated in the introduction that, to our
elief, there are many open questions and issues to be solved for
he published laboratory investigations. This is one reason also why
[nic compounds and electric energy of electrons KE.
they did not cross the border to industrial valorization. Finally, there
is more to than to consider catalyst and reactor innovation alone
and this is undergone in the MAPSYN project and, as given earlier,
we like to detail that after proof of principle; yet, not now and here.
The MAPSYN project has some theoretical potential to offer
– industrial plasma reactor and more (see one paragraph above
[2–4], This roots in industrial Future Processes and Plants as funded
largely by European Union – for example, the modular, compact
and mobile Evotrainer plant platform as ‘Future Factory’ [10], and
industrially motivated market vision of a business unit which shall
open a niche position rather than to run into hopeless competi-
tion with conventional technologies. We will report in technical
papers about the progress and how much of that theoretical poten-
tial can be released into practice. Concerning the latter and as given
in the introduction, we like to state that a good understanding of
plasma catalysis is demanding and a development undergone from
the beginning with industrial view is even more challenging.
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